Abstract: Surface-enhanced Raman Scattering (SERS) of rhodamine 6G (R6G) adsorbed on biharmonic metallic grating structures was studied. Biharmonic metallic gratings include two different grating components, one acting as a coupler to excite surface plasmon polaritons (SPP), and the other forming a plasmonic band gap for the propagating SPPs. In the vicinity of the band edges, localized surface plasmons are formed. These localized plasmons strongly enhance the scattering efficiency of the Raman signal emitted on the metallic grating surfaces. It was shown that reproducible Raman scattering enhancement factors of over 10 5 can be achieved by fabricating biharmonic SERS templates using soft nano-imprint technique. We have shown that the SERS activities from these templates are tunable as a function of plasmonic resonance conditions. Similar enhancement factors were also measured for directional emission of photoluminescence. At the wavelengths of the plasmonic absorption peak, directional enhancement by a factor of 30 was deduced for photoluminescence measurements. Wang, "Highly Raman-enhancing substrates based on silver nanoparticle arrays with tunable sub-10 nm gaps," Adv.
Introduction
Raman spectroscopy is a crucial tool in the analysis of vibrational bonds which reveal the details of the molecular structure. Despite its importance, extremely low cross section of Raman scattering (10-30 cm 2 per molecule) [1] limits its applications in chemical and biological sensing. However, in the vicinity of the noble metal nanoparticles (such as Ag and Au), physical mechanism of the Raman scattering is dramatically altered which results in considerable signal enhancement. This phenomenon is known as Surface Enhanced Raman Scattering (SERS) and the physics behind this enhancement have been extensively studied. The mechanism and applications of SERS have been reported on several review and feature articles [2] [3] [4] [5] [6] . It has been shown that localized and propagating plasmons play an essential role in this process. In particular, metallic nanoparticles can absorb light in visible wavelength range and support localized plasmon modes. When the large electric fields generated by these localized modes are at the incoming resonance wavelengths, they lead to large enhancements in the electric field intensity. It should be noted that enhanced Raman signal roughly scales with (E s 4 ) [7, 8] where E s is the local electric field. This mechanism does not require chemisorption and in general predicts equal enhancements for all molecules with maximum enhancement factors of 10 6 -10 7 [4, [8] [9] [10] [11] . In addition, nanoparticles can also increase the out of plane scattering of the Raman signal emitted on their surface at the outgoing resonance wavelengths [1] . It has been previously shown that most favorable condition for SERS is observed when plasmonic resonance absorption lies between the exciting laser and Raman emission wavelengths [12] . With the help of the metallic nanoparticles, the enhancement factors up to 10 15 allowing single molecule detection, have been reported [11, [13] [14] [15] [16] [17] . Efforts to understand and develop SERS as an analytical tool are dependent on methods for fabricating templates with stable and reproducibly high activities. Typical SERS substrates, textured metallic surfaces such as spherical shapes [18] and pyramidal type voids [19, 20] allow engineering the plasmonic modes to optimize reproducible SERS enhancement. These kinds of structures can support localized plasmonic modes and also localize the propagating surface plasmon inside the voids. On the other hand, rather than voids, metallic grating surfaces can also act as SERS templates [21] [22] [23] [24] . Raman signal emitted at the near field of the metallic grating couples to the SPP and is re-radiated into the photon at a specific direction determined by both the wavelength of radiation and the periodicity of the grating. When a Raman active material is deposited on a flat surface, Stokes radiation is emitted into a solid angle of 2π sr. However, on a metal grating surface, Stokes radiation is confined into a much smaller solid angle and results in an enhancement in the measured Raman signal [21] . These types of templates show relatively low enhancement factors (10 4 ) [21] and enhanced Stokes wavelengths depend on the collection angle as well [23] .
In this work, we demonstrate that biharmonic metallic grating structures can be used as SERS substrates. Previously, biharmonic grating structures have been used to enhance second harmonic generation [25] and to form plasmonic band gap cavities [26] . Biharmonic surface is made up of a grating with two harmonic components. Higher periodicity couples the incident light into the SPPs while the second shorter grating component forms a plasmonic band gap. Due to the flat dispersion at the vicinity of the band edges, plasmonic density of states is perturbed and effective coupling of emitted signal into the SPP are achieved. We demonstrate the SPP coupled enhancement of PL and SERS signals. Soft nanoimprint technique is used as a replication tool allowing the fabrication of SERS templates reproducibly. Fig. 1(c) , power spectrum clearly shows these two different superimposed grating components. Once developed, the structure was transferred onto the photo-curable epoxy by soft nano-imprint technique. The replication procedure of the template structure to the polymeric surface is shown schematically in Fig. 2 . In this procedure, biharmonic master grating template was prepared using interference lithography ( Fig. 2(a) ), which is used to make the elastomeric stamp. Liquid PDMS (Sylgard 184, Dow Corning) was poured on the master grating ( Fig. 2(b) ) and cured at 75 °C for 2 h. After the curing procedure, elastomeric stamp was peeled off from the master grating ( Fig. 2(c) ) and placed on the pre-polymer (OG 146, Epoxy Technology) coated wafer ( Fig. 2(d) ). Pre-polymer was then cured using UV light exposure (Fig. 2(e) ). Finally, the elastomeric stamp was mechanically removed from the wafer (Fig. 2(f) ). The photocurable epoxy is chemically inert for the latter processes. 55 nm-thick gold (Au) films were evaporated on cured epoxy to form a metallic periodic structure. Fig. 2 . Schematic diagram for replication and transfer of the grating structure onto the polymeric surface using the elastomeric stamp (PDMS); (a) Biharmonic master grating template was prepared using interference lithography, (b) the template was prepared by pouring liquid PDMS on the master grating and then cured at 75 °C for 2 h. (c) After the curing procedure, the elastomeric stamp was peeled from the master grating, (d) and then, placed on the pre-polymer (OG146) coated wafer (e) where the pre-polymer was exposed to UV light. (f) Finally, the elastomeric stamp was mechanically removed from the wafer.
Fabrication of biharmonic gratings
Optical reflectivity measurements were carried out using a spectroscopic elipsometer (WVASE32) to investigate the plasmonic excitation on the biharmonic metallic surface. Figure 3 shows the normal incidence reflection spectra of as prepared templates for different metallic (Ag and Au) layers. Ag metal shows superior optical response than the Au metal in the visible wavelength range. As seen in Fig. 3 , additional absorption minima occur in TM polarized reflection spectra (electric fields perpendicular to the grating groves). Two different minima correspond to excitation of SPPs at the band edges of the photonic band gap region.
Uniform
Λ 1=500 nm grating component creates coupling between the incoming light and the SPPs propagating in both forward and backward directions. However, superimposed second grating (Λ2=250nm) creates back scattering for SPPs. Interfering SPPs form a standing wave having two different localization profiles [27] . As shown in Fig. 3(c) and Fig. 3(d) , are the finite difference time domain (FDTD) simulation results and show electric field distribution for these localizations. λ -localizes on the troughs, while λ + localizes on the peaks of the periodic structure [27] . In these simulations, Drude model was used to calculate the dielectric response of the metal. In the visible wavelength range, Drude model cannot fully explain the exact field enhancement. However, localized field profiles can be clearly demonstrated. Similarly, reflectivity measurements were also made for Au deposited biharmonic templates. Au metal is highly resistive towards chemical oxidation when compared with Ag metal, therefore, Au coated biharmonic structures were used as SERS substrates throughout this study. As seen in Fig. 3(b) , a similar reflectivity spectrum was measured for Au metal. The reason for decrease in reflectivity for both metals below 500 nm is diffraction from the 500 nm grating periodicity. Above 500 nm wavelength scale, diffraction becomes evanescent. Figure 4 shows the experimental dispersion diagrams for biharmonic and uniform grating structures. In biharmonic gratings band gap opens up in the dispersion diagram and flattens the bands around the band edges. The periodicity of the uniform grating is 665 nm. Gratings were fabricated on transparent glass substrates and dispersion diagrams were constructed by scanning the incidence angle and measuring the transmission spectrum. Plasmonic excitation creates an enhancement in transmission. The dispersion diagrams are constructed by tracking the enhancement in transmission as a function of angle. 
Surface enhanced Raman scattering
Raman spectra were obtained with a Jobin Yvon LABRAM Raman Spectrometer equipped with a He-Ne laser which gave excitation line at 632.81 nm. The incident power was 20 mW and the laser beam was focused by a 10x objective lens. The scattered radiation was collected by the same objective lens and sent through a Raman notch filter to a Peltier cooled CCD detector. 10 μl of 10 -6 M Rodamine 6G (see the inset of Fig. 5 ) solutions were drop-coated onto the template and were then allowed to dry. The SPP absorption spectrum at normal incidence and the SERS spectrum of R6G molecule are shown as green and red curves in Fig.  5 , respectively. Raman bands at 616, 777, 1191 cm -1 associate with C-C-C ring in-plane, out of plane bending and C-C stretching vibrations, respectively, as well as bands at 1364, 1512 and 1653 cm -1 which are usually assigned to aromatic C-C stretching vibrations of R6G molecule [28] . After the molecular deposition, effective index of the SPP environment slightly changes. This makes plasmonic absorption shift towards the longer wavelengths by about 10 nm. After subtracting the background, empirical signal enhancement factors were determined using peak integrated ratios of the surface enhanced Raman vibration to the corresponding unenhanced signal from 55 nm thick Au metal surface coated on Si surface. Enhancement factor of 10 5 which is 10 times better than that of uniform grating surfaces [21] was measured. Resonance absorption wavelength dependence of SERS signal can provide a key insight into the mechanism leading to SERS enhancement. We observed that grating strength can strongly perturb the plasmonic band gap properties. We chose this approach to tune the resonance wavelength rather than changing the periodicities of the grating components. Different templates having various exposure times during interference lithography stage, hence with different strengths, were prepared. The reflection spectra of these templates were shown in Fig. 6(a) . We observed a shift of the reflection resonance as a function of the grating strength by about 100 nm allowing the tuning of plasmonic resonance through the Stokes shifted Raman lines of the compound under study. SERS measurements were performed by following the same procedure described before and SERS spectra were shown in Fig. 6(b) . When the resonance wavelength is close to the Stokes signal, higher enhancement values were calculated. Minimum enhancement occurs when the resonance absorption is close to the laser line. At first glance, this response looks different than previously reported behavior for the case of nano-particles [12] . When metallic nanoparticles used as SERS substrate, maximum SERS enhancement is obtained when plasmonic resonance absorption lies between laser line and Raman emission wavelengths. However, in our case, enhancement caused by the localized field is not as high as it occurs at the near field of the metallic nanoparticles. On biharmonic plasmonic templates, plasmon coupled enhancement mechanism is a dominant factor than the field enhancement factor as observed in this study. 
Enhancement of photoluminescence
In addition to the SPP coupled emission enhancement on the biharmonic grating study, photoluminescence measurements were also performed. As prepared biharmonic metallic surfaces were deposited with a 20 nm thick silicon rich silicon nitride film. Due to the formation of silicon clusters, as deposited silicon nitride has a broad emission spectrum ranging from 500 nm to 800 nm. Experiments were performed at room temperature using Ar + laser operating at 488 nm wavelength. Samples were illuminated with the laser and emission was collected in the backscattering configuration and analyzed using a 1-m double spectrometer equipped with photon counting electronics. The emission spectrum of silicon rich silicon nitride film on a flat silicon substrate and the photoluminescence spectrum obtained on the biharmonic surface are shown in Fig. 7 as brown and green curves, respectively. The reflection spectrum of the biharmonic surface (red curve) is also superimposed on Fig. 7 to display the contrast with the photoluminescence enhancement. Figure 7 clearly shows the correlation between plasmonic absorption and enhancement in directional emission of photoluminescence. Photoluminescence spectrum mimics the features of the reflection spectrum both in wavelength and the width of the peaks. The enhancement mechanism is based on the excitation of SPPs on the metal surface [29] [30] [31] . Emitted photon couples to the SPPs through higher grating components (Λ 1 =500 nm) or near field effects. We note that, due to the second harmonic component (Λ 1 =250 nm) a plasmonic band gap is formed and SPP density of states (DOS) are increased in the vicinity of the band edges (Fig.  4(a) ). Flat dispersion profile around band edges increases the DOS and leads to effective energy transfer [32, 33] . Excited SPPs then scatter into photon states through the grating. It can be calculated from Fig. 7 that biharmonic grating can have directional enhancement by a factor of 30. Fig. 7 . Normal incidence PL spectrum of biharmonic metallic grating coated with silicon rich silicon nitride. Red curve represents the plasmonic absorption and green curve shows the PL spectrum. There is 30 times enhancement in PL signal at wavelengths coinciding with the plasmonic resonance wavelengths. Brown curve indicates 10 times magnified broad band emission spectrum of silicon rich silicon nitride film on the flat Si surface.
Conclusion
We have shown that biharmonic gratings can be used as templates for SERS and photoluminescence enhancement. Due to the plasmonic band gap formation, biharmonic grating surfaces, improve the SPP excitation at the vicinity of the band edges and reveal SERS enhancement factors up to 10
5
. The gratings are stable in air and water at ambient temperatures. The adsorption of analytes is reversible, such that the substrates can be used many times. Such features complement the tunable SERS properties of biharmonic gratings and enhance their potential value for routine chemical and biological sensing. Finally, we showed that grating strengths can be used to tune the plasmonic resonance to optimize the enhancement in Raman signal. We have demonstrated that SPP coupled enhancement is the dominant physical mechanism in our templates.
